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ABSTRACT
We present compellingobservational evidence ofG133.50+9.01being a bona fide cloud-cloudcollision candidatewith signatures
of induced filament, core, and cluster formation. The CO molecular line observations reveal that the G133.50+9.01 complex is
made of two colliding molecular clouds with systemic velocities, −16.9 km s−1 and −14.1 km s−1. The intersection of the clouds
is characterised by broad bridging features characteristic of collision. Themorphologyof the shocked layer at the interaction front
resembles an arc like structure with enhanced excitation temperature and H2 column density. A complex network of filaments
is detected in the SCUBA 850 µm image with 14 embedded dense cores, all well correlated spatially with the shocked layer. A
stellar cluster revealed through an over-density of identified Class I and II young stellar objects is found located along the arc in
the intersection region corroborating with a likely collision induced origin.
Key words: ISM: clouds – ISM: kinematics and dynamics – ISM: individual objects (G133.50+9.01) – radio lines: ISM – stars:
formation
1 INTRODUCTION
There is growing evidence that cloud-cloud collision can trig-
ger star and cluster formation (Torii et al. 2015; Gong et al. 2017;
Sano et al. 2018; Liu et al. 2018a,b). Hydrodynamic simulations
(Habe & Ohta 1992; Anathpindika 2010; Takahira et al. 2014) re-
veal that collisionally compressed interfaces form dense, self-
gravitating cores. Magneto-hydrodynamic (MHD) simulations by
Inoue & Fukui (2013) and other recent studies (e.g. Wu et al. 2015;
Fukui et al. 2016; Li et al. 2018; Torii et al. 2017;Ohama et al. 2018;
Gong et al. 2019; Tokuda et al. 2019; Sano et al. 2019) give insight-
ful discussions indicating the importance of cloud-cloud collision
in high-mass star and cluster formation. The proposed picture in-
volves supersonic collisions that boost the magnetic field strength
and gas density in the shock-compressed layer. This results in an
enhanced mass accretion rate and also a large effective Jeans mass,
the two prime ingredients for massive star formation. The shocked
layer collapses into a filament with an enhanced self-gravity in the
post-shock gas. A number of pre-stellar cores, accreting mass from
the natal cloud are formed in these filaments. Recent studies on a dark
cloud L1158 by Gong et al. (2017, 2019) show evidence of collision
triggered cluster formation of low- and intermediate-mass stars as
well. Notwithstanding the complexities involved in deciphering cloud
kinematics from stellar feedback, observationally, many cloud-cloud
collision candidates have been discovered (see Hayashi et al. 2020,
⋆ E-mail: namithaissac.16@res.iist.ac.in (NI)
† E-mail: tej@iist.ac.in (AT)
and references therein). If cloud collision is frequent in disk galaxies
like Milky Way (Tasker & Tan 2009), then detailed investigation of
cloud-cloud collision candidates can shed crucial light on triggered
star formation under different physical conditions. A recent paper
by Fukui et al. (2020) provides an excellent review on the current
status of observations and theoretical understanding of cloud-cloud
collisions and also discusses future directions in this area.
In this paper, we investigate the Planck Galactic Cold Clump
(PGCC), G133.50+9.01, using molecular line observation. Located
in the field of the classical Cepheid SU Cas, a young cluster associ-
ated with G133.50+9.01 is identified by Majaess et al. (2012) using
2MASS and WISE photometry. The cluster that contains countless
young stellar objects (YSOs) deviates from spherical symmetry and
exhibits an apparent diameter of 3×6 arcmin. Zhang et al. (2018) de-
tected 18 dust cores from the 850 µmmap. We present new results on
this complex based on a comprehensive analysis of the CO line kine-
matics and morphology in conjunction with infrared and sub-mm
data to understand the related stellar population and dust component.
2 OBSERVATIONS
2.1 PMO observations
The 12CO (1 − 0) and 13CO (1 − 0) lines were observed with the
Purple Mountain Observatory 13.7-m telescope (PMO-13.7 m) in
August 2013, as a part of PMO survey of Planck Galactic Cold
Clumps (Wu et al. 2012; Liu et al. 2012; Zhang et al. 2018). The nine
beam array receiver system in single-sideband mode was used as the
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front end (Shan et al. 2012). The half-power beam width (HPBW)
is 56 arcsec and the main-beam efficiency is ∼ 0.45. 12CO (1 − 0)
and 13CO (1 − 0) lines were obtained simultaneously. FFTS spec-
trometers were used as back ends, which have a total bandwidth of
1GHz and 16384 channels, corresponding to a velocity resolution of
0.16 km s−1 for the 12CO (1−0) and 0.17 km s−1 for the 13CO (1−0).
The on-the-fly (OTF) observing mode was utilized. The scan speed is
20 arcsec s−1 and the mapping area is 22 arcmin × 22 arcmin. These
data are smoothed with a beam size of ∼ 63 arcsec. The typical rms
noise level per channel is 0.3K in T∗
A
for the 12CO (1 − 0) and 0.2K
for the 13CO (1 − 0).
2.2 SCUBA 850 µm data
The dust continuumobservation at 850 µmwas carried out inNovem-
ber 2014 using Submillimeter Common-User Bolometer Array 2
(SCUBA-2, Holland et al. 2013) on the James Clerk Maxwell Tele-
scope (JCMT). JCMT is a 15-m telescope single-dish telescope that
operates in the submillimetre wavelength region of the spectrum.
This instrument can provide an effective beam size of 14.6 arcsec in
the 850 µm band. The “CV Daisy” mapping mode was used with a
mapping area of about 12 arcsec × 12 arcsec. The data are reduced
using SMURF in the STARLINK package. The rms level is around
18.1mJy beam−1.
2.3 Dust polarization data from Planck
To determine the orientation of the magnetic field in the
region associated with G133.50+9.01, we make use of the
Planck 353GHz (850 µm) dust continuum polarization data
(Planck Collaboration et al. 2016a). The polarization data includ-
ing the Stokes I, Q and U maps used are from the Planck
Public Data Release 2 Full Mission Map with PCCS2 Catalog1
(Planck Collaboration et al. 2016b). These maps have a beam size
of ∼ 5 arcmin and a pixel size of ∼ 1 arcmin.
2.4 WISE archival data
To identify the stellar population associated with G133.50+9.01, we
use the mid-infrared (MIR) archival data from Wide-field Infrared
Survey Explorer (WISE, Wright et al. 2010). WISE mapped the sky
at the MIR wavelengths 3.4, 4.6, 12, and 22 µm with angular res-
olutions of 6.1, 6.4, 6.5, and 12.0 arcsec, respectively. We retrieve
sources from theALLWISE2 catalog usingNASA/IPAC Infrared Sci-
ence Archive (IRSA). ALLWISE combines the data from the WISE
cryogenic and NEOWISE (Mainzer et al. 2011) post-cryogenic sur-
vey phases. Combining the two data products, ALLWISE provides
enhanced photometric sensitivity and accuracy, and better astromet-
ric precision.
3 RESULTS
3.1 Distance to G133.50+9.01
Citing the nature of CO and HI emission, Majaess et al. (2012) spec-
ulate that the cluster may coincide with the complex in the foreground
of SU Cas (which is at a distance of 418 ± 12 pc) or, beyond it at
1 https://irsa.ipac.caltech.edu/applications/planck/
2 http://wise2.ipac.caltech.edu/docs/release/allwise/
Figure 1. The cumulative reddening along four sightlines marked by crosses
in Fig. 2(b). The reddening plot towards sightline 1 overlaps with that to-
wards sightline 3. The dashed vertical line indicates the estimated distance to
G133.50+9.01.
a distance, d ≤ 950 pc. In their study, Zhang et al. (2018) use the
Bayesian distance estimation method proposed by Reid et al. (2016).
Here, trigonometric parallaxes from the Bar and Spiral Structure
Legacy Survey and Japanese VLBI Exploration of Radio Astrom-
etry are combined with the probability density function (PDF) for
kinematic distance, displacement from the plane, and proximity to in-
dividual parallax sources to generate a combined PDF.Taking the ob-
served centroid velocity of the 13CO (1− 0) line, Zhang et al. (2018)
estimate the distance to G133.50+9.01 to be 0.61 ± 0.14 kpc. In this
paper, we implement an alternate approach to estimate the distance
following the method outlined in Gong et al. (2017). This procedure
makes use of the 3D dust reddening map3 from Green et al. (2019).
The dust reddening maps presented by these authors are based on
2MASS and Pan-STARRS 1 photometric data in combination with
GAIA parallaxes. The distance to estimated by measuring the cumu-
lative reddening, E(B − V), along the line-of-sight. Four sightlines,
marked by crosses in Fig. 2(b), are selected. The median cumulative
reddening towards these four sightlines are plotted as a function of
the distance in Fig. 1. The reddening plot towards the sightlines 1
and 3 overlap. The plot shows a steep rise in E(B−V) at a distance of
∼ 840 pc. Such a steep rise can be attributed to the dust reddening in
G133.50+9.01. E(B−V) towards the sightline 4 shows an additional
steep rise at a distance of ∼ 4.2 kpc. This possibly indicates the pres-
ence of a background, unrelated cloud. In the analysis presented in
this paper, we have taken 840 pc as the distance to G133.50+9.01.
3.2 CO morphology of G133.50+9.01 complex
Morphology of the G133.50+9.01 complex is deciphered using
molecular line observations of CO. The 12CO (1 − 0) emission is
usually considered to be optically thick throughout the molecular
cloud, and hence an excellent tracer of its spatial extent, rather than
the density distribution. The 13CO (1 − 0) emission, on the other
hand, is less optically thick and probes the denser regions of the
molecular cloud. The integrated intensity maps of 12CO (1 − 0) and
13CO (1 − 0) line emission towards G133.50+9.01 in three velocity
ranges are shown in Fig. 2(a)-(c). Similar morphology is displayed
3 http://argonaut.skymaps.info
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Figure 2. (a) The colour scale depicts the 12CO (1−0) integrated intensity within the velocity −19.4 to −16.9 km s−1. The contours of the 13CO (1−0) emission
over the same velocity range is overlaid in black with levels starting from 3σ and increasing in steps of 3σ (σ = 0.5Kkm s−1). (b) Same as (a) with the
integration velocity range −16.9 to −14.1 km s−1. The 13CO (1 − 0) contours start from 3σ and increases in steps of 2σ (σ = 1.0Kkm s−1). The white crosses
mark the regions towards which the median cumulative reddening is estimated to find the distance. The red circle describes a region of radius 10 arcmin over
which the young stellar population is identified (Section 3.6). (c) Same as (a) with the integration velocity range −14.1 to −11.6 km s−1. The 13CO (1 − 0)
contours start from 3σ and increases in steps of 2σ (σ = 0.6Kkm s−1). (d)-(f) The 12CO (1 − 0) (black) and 13CO (1 − 0) (red) spectra extracted at three
different positions of the cloud complex G133.50+9.01, indicated by squares in (a)-(c). The vertical green lines indicate the systemic velocities of G133a and
G133b as estimated from the 13CO (1 − 0) line
.
in both emission lines. The molecular cloud has an elongated mor-
phology in the north-east direction in the velocity range −19.4 to
−16.9 km s−1 as is evident from Fig. 2(a), an arc like morphology
in the velocity range −16.9 to −14.1 km s−1, shown in Fig. 2(b). In
the range −14.1 to −11.6 km s−1, a hemispherical, ‘boomerang-like’
morphology with a cavity opening towards the north-east and ex-
tended emission towards the north-west is noticeable in Fig. 2(c).
The emission morphology seen in the above velocity ranges suggests
the likely presence of two coalescing molecular clouds (hereafter
G133a and G133b) associated with G133.50+9.01. The 12CO (1−0)
and 13CO (1−0) spectra extracted, sampling these clouds and the in-
tersection region is plotted in Fig. 2(d)-(f). The spectra corresponding
to G133a and G133b have single peaked line profiles. From the peak
of the 13CO (1−0) line, the systemic velocities of G133a and G133b
are estimated to be−16.9 km s−1 and−14.1 km s−1, respectively. The
intersection region clearly shows two velocity components. From the
spectra of the interaction region presented, it is seen that for cloud
G133b, the peak velocity of the 13CO (1 − 0) line is offset from the
estimated systemic velocity of −14.1 km s−1. This can be attributed
to the interaction of the colliding clouds resulting in an intermediate
velocity in the intersection region.
Fig. 2(d)-(f) show an additional velocity component at ∼
−10 km s−1 in all three spectra presented. To understand this, we
construct channel maps of 12CO (1 − 0) and 13CO (1 − 0) emission
in the velocity range −19.0 to −7.0 km s−1. These are plotted in
Fig. 3. As can be seen from the maps, emission from G133a and
G133b peaks in the velocity range −18.0 to −16.0 km s−1 and −15.0
to −13.0 km s−1, respectively. An arc like morphology, as seen in
Fig. 2(b) is evident at intermediate velocities. In the channel maps
for the velocity range, −12.0 to −9.0 km s−1, another component is
visible which is consistent with the spectra in Fig. 2(d)-(f). As dis-
cussed in Section 3.1, the reddening plot along the sightline covering
this component (# 4) shows two steep rises at distances 0.84 kpc
and 4.2 kpc. Given that the velocity is ∼ −10 km s−1, this cloud is
likely to be at a similar distance as that of G133a and G133b with a
background, unassociated cloud farther away.
MNRAS 000, 1–11 (2020)
4 Issac et al.
-19.0 to -18.0 km/s -18.0 to -17.0 km/s -17.0 to -16.0 km/s -16.0 to -15.0 km/s
-15.0 to -14.0 km/s -14.0 to -13.0 km/s -13.0 to -12.0 km/s -12.0 to -11.0 km/s
-11.0 to -10.0 km/s -10.0 to -9.0 km/s -9.0 to -8.0 km/s -8.0 to -7.0 km/s
Figure 3. Chanel maps for region associated with G133.50+9.01. The grey scale shows the 12CO (1−0) channel map. Each map has a channel width of 1 km s−1.
The contours of the 13CO (1 − 0) emission at each velocity channel is overlaid in red. The contours start at 3σ (σ = 0.5Kkm s−1) and increases in steps of 2σ.
Under the assumption of local thermodynamic equilibrium, the
total mass of the molecular clouds can be estimated from the op-
tically thin 13CO emission. Following Szűcs et al. (2016), the col-
umn density of 13CO is calculated and from the abundance ratio of
13CO to H2, the H2 column density is estimated. To determine the
13CO column density, the effective line-of-sight excitation tempera-
ture is determined. Combining the radiative transfer equation and the
Rayleigh-Jeans law, the brightness temperature can be expressed as,
Tmb = T0
(
1
eT0/Tex − 1 −
1
eT0/Tbg − 1
)
(1 − e−τ) (1)
Here T0 = hν/kB, h is the Planck’s constant, kB is the Boltzmann’s
constant, Tbg = 2.7K is the background temperature, and τ is the
optical depth. Assuming that the 12CO (1 − 0) emission is optically
thick (τ ≫ 1), the excitation temperature per pixel of 12CO (1 − 0)
spectral cube is given by
Tex = 5.5 ln
(
1 +
5.5
T12
mb,peak
+ c1
)−1
(2)
where, T12
mb,peak
is the peak intensity of 12CO (1 − 0) at each pixel,
5.5K = hν(12CO)/kB, and constant c1 = 0.82 forTbg = 2.7K. From
the 12CO (1−0) spectral cube, theT12
mb,peak
map is built, from which,
using Equation 2, the excitation temperature map of 12CO (1 − 0) is
constructedwhich is shown in Fig. 4(a).We assume that the excitation
temperatures of 12CO (1 − 0) and 13CO (1 − 0) are equal along the
line-of-sight. Substituting forTex and the
13CO (1−0) peak brightness
temperature in Equation 1, the pixel-wise optical depth can be derived
following the equation,
τ13 = −ln
[
1 −
T13
mb,peak
5.3
{(
e5.3/Tex − 1
)−1
− c2
}−1]
(3)
where, T13
mb,peak
is the peak brightness temperature of 13CO (1 − 0),
5.3K = hν(13CO)/kB, and c2 = 0.16. Assuming that the excitation
temperature equals the kinetic temperature for all the energy states
and the levels are populated according to Boltzmann distribution, the
13CO column density is calculated from the optical depth using the
following expression
N(13CO) = 3.0 × 1014 × τ13
1 − e−τ13 ×
∫
T13
mb
(v)dv
1 − e−5.3/Tex (4)∫
T13
mb
(v)dv is the integrated intensity over velocity in units of km s−1.
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Fig. 4(b) shows the H2 column density map constructed with a con-
stant [12CO/13CO] isotopic ratio of 77 (Wilson & Rood 1994) and
a [H2/12CO] abundance ratio of 1.1 × 104 (Frerking et al. 1982).
Considering the region within the 3σ level of the 13CO (1 − 0)
emission integrated over the velocity range −19.4 to −11.6 km s−1,
the mean line-of-sight H2 column density, N(H2), is calculated to
be 8.7 × 1021 cm−2. Subsequently, the total mass of the molecular
cloud complex (= N(H2)µH2mHA; A is the physical area of the
cloud complex, mH is the mass of hydrogen atom) is estimated to be
2.6 × 103 M⊙ . Here, the mean molecular weight, µH2 is taken to be
2.8. The individual masses of G133a and G133b are computed to be
1.1×103 M⊙ and 1.4×103 M⊙ , respectively, with the assumption that
both clouds have equal contribution to the mass at the intersection.
Fig. 4(a) shows the 12CO (1− 0) excitation temperature map over-
laid with the contours of 13CO (1 − 0) emission integrated over the
velocity range −16.9 to −14.1 km s−1. The intersection of the clouds,
G133a and G133b reveals an open arc structure. The 13CO emission
also follows a similar arc like morphology. The radius of curvature
of the arc is ∼ 1.6 pc. The excitation temperatures within this arc
varies from 13 − 20K and is higher than that of the ambient cloud
(∼ 11K). The H2 column density map given in Fig. 4(b) also reveals
a density enhancement along this arc.
3.3 Cloud kinematics
The 12CO (1−0) and 13CO (1−0) position-velocity (PV) diagram of
the G133.50+9.01 complex is constructed to understand its velocity
structure. Fig. 5(a) depicts the two-colour composite integrated inten-
sity map of 12CO (1 − 0) integrated between −19.4 to −16.9 km s−1
(blue) and −14.1 to −11.6 km s−1(red). The 3σ contours of the in-
tegrated 13CO (1 − 0) within the same velocity ranges is overlaid.
PV slices are extracted along two directions, A and B, highlighted in
Fig. 5(a). These slices probe G133a and G133b, respectively. Both,
12CO (1−0) and 13CO (1−0) emission show intermediate “bridging
features” between the peak velocities, −16.9 and −14.1 km s−1 high-
lighted by black arrows in Fig. 5(b), (c) and (e). Apart from these, in
Fig. 5(b) and (c), high-velocity 12CO wings are also evident.
3.4 Dust filaments and cores
Fig. 6 shows the 850 µm dust emission towards G133.50+9.01. A vi-
sual inspection of the 850 µmmap reveals that the emission from the
dust component has a filamentary structure in the north-south direc-
tion that bifurcates at the ends. The skeletons of the filaments are over-
laid on the image. Localized dust peaks are seen along the filaments.
We use the FellWalker clump identification algorithm (Berry 2015),
which is part of the StarlinkCUPIDpackage, to identify the dust cores
in this region. A detection threshold of 2.5σ (σ = 18.1mJy beam−1)
is used and pixels outside the 2.5σ level are considered noise. Us-
ing this method we detect 14 dust cores along the filaments that are
named according to their positions in the field. Relative to the central
core, C1, four cores, N1-N4, extend towards the north and five cores,
S1-S5, extend towards the south along one of the filaments. The re-
maining four cores, NE1 and SE1-SE3 lie along the other filaments in
the north-east and south-east directions, respectively. The retrieved
apertures of these cores are superimposed on the 850 µmmap shown
in Fig. 6. Correlation with Fig. 4(b) shows that the detected cores are
located within the arc structure displaying enhanced column density.
The mass of each core is estimated from the total 850 µm flux den-
Table 1. Physical parameters of the identified dust cores associated with
G133.50+9.01.
Dust Core Peak position Radius Mass
α(J2000) (h m s) δ(J2000) (° ′ ′′) (pc) (M⊙)
C1 2 54 30.33 69 20 39.80 0.20 86.0
N1 2 54 34.11 69 21 51.80 0.12 27.9
N2 2 54 31.84 69 23 39.80 0.09 10.8
N3 2 54 31.84 69 24 15.80 0.06 2.8
N4 2 54 35.63 69 24 43.80 0.07 2.5
NE1 2 54 43.21 69 23 19.78 0.08 9.5
S1 2 54 25.80 69 19 47.79 0.14 34.6
S2 2 54 17.49 69 19 27.76 0.06 5.2
S3 2 54 25.05 69 18 43.79 0.09 8.6
S4 2 54 30.34 69 17 47.80 0.05 2.5
S5 2 54 24.31 69 17 23.79 0.05 2.6
SE1 2 54 37.89 69 19 15.80 0.12 13.3
SE2 2 54 47.70 69 19 15.76 0.05 2.0
SE3 2 54 46.94 69 18 27.76 0.07 3.7
sity integrated within the core aperture. Assuming thermal emission
from optically thin dust, the following expression is used,
MC =
Sνd
2
κνBν(Td)
(5)
Here, Sν is the flux density at 850 µm, d is the distance,Td is the dust
temperature of the cores taken to be the mean excitation temperature,
15.3K, within the open arc structure, and κν = 0.1(ν/1200 GHz)β is
the dust opacity. β, the dust emissivity index, is assumed to be 2. The
effective radii, r = (A/π)0.5, of the dust cores are determined from
the area, A, enclosed within the retrieved apertures. Peak positions,
radii and masses of the dust cores are tabulated in Table 1.
3.5 Magnetic field orientation
Planck polarization data is used to determine the magnetic
field orientation in the vicinity of G133.50+9.01. Following the
IAU convention, the linear polarization angle (PA) is given by,
ψIAU = 0.5 × arctan(−U/Q) in the Galactic coordinate sys-
tem (Planck Collaboration et al. 2015). The plane of sky orienta-
tion of the magnetic field is obtained by adding 90° to the PA
(χ′ = ψIAU + 90°). The position angle of the magnetic field in
the equatorial coordinate system, FK5, is then estimated following
the discussion in Corradi et al. (1998), where
ψ = arctan
[
cos
(
l − 32.9°)
cos b cot 62.9° − sin b sin (l − 32.9°)
]
(6)
Here, ψ is the angle subtended by the directions of the equatorial
north and the Galactic north at each pixel of the Planck polarization
maps. The orientation of themagnetic field at each pixel withGalactic
coordinates, l and b is then transformed from the Galactic coordinate
system (χ′) to the equatorial system (χ) using the relation,
χ = χ′ − ψ (7)
The mean magnetic field orientation is determined by taking the
average of the χ values that lie within the 3σ level of the 13CO (1 −
0) emission over the velocity range −19.4 to −11.6 km s−1. The
MNRAS 000, 1–11 (2020)
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(a) (b)
Figure 4. (a) The excitation temperature map of G133.50+9.01 derived from the peak intensity of the 12CO (1− 0) emission. (b) The H2 column density map of
the region associated with G133.50+9.01 constructed following the steps described in Section 3.2. The white contours correspond to the 13CO (1 − 0) emission
within the velocity range −16.9 to −14.1 km s−1. The contour levels are same as in Fig. 2(b).
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Figure 5. (a) Two-colour composite integrate intensity map of 12CO (1 − 0) integrated between −19.4 to −16.9 km s−1 (blue) and −14.1 to −11.6 km s−1 (red)
of the G133.50+9.01 complex. The 3σ contour of the 13CO (1 − 0) emission (same as in Fig. 2a and c) at both velocity ranges is overlaid in blue and red. A and
B are the cuts along which the PV slices are extracted, sampling G133a and G133b, respectively. (b) and (d) PV diagram of 12CO and 13CO, respectively along
the cut A. (c) and (e) Same as (b) and (d) along the cut B. The horizontal dashed line delineates the PV slices on either side of the bend in B. The contours start
at 3σ and increases in steps of 4σ (σ = 0.6K for 12CO and 0.3K for 13CO). The vertical dashed lines represent the systemic velocities of G133a, G133b and
the cloud at ∼ −10 km s−1. The bridging features with intermediate velocity are marked by black arrows. The positions of the bridging features on the PV cut is
marked by green circles in (a). The 12CO wings are indicated by white arrows and their positions on the PV cut are indicated by black crosses in (a).
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Figure 6. The dust emission at 850 µm in the region surrounding
G133.50+9.01 is presented here. The FellWalker retrieved apertures of the
dust cores are outlined in blue and are labelled according to their positions
in the field. The skeletons of the visually identified filaments are sketched in
red. The magenta line represents the orientation of the magnetic field with
respect to the filaments.
orientation is estimated to be 99.1 ± 5.6° east of north and is traced
in Fig. 6 with respect to the filaments identified from the 850 µm
map.
3.6 Associated young stellar population
Using 2MASS-Ks and WISE photometry data, Majaess et al. (2012)
have discovered a crowded cluster of 53 YSOs associated with
G133.50+9.01. We revisit the cluster detection and YSO identifi-
cation by considering a larger (radius of 10 arcmin) region, cen-
tred at 02:54:31.4 +69:20:32.5, which effectively samples the en-
tire G133.50+9.01 cloud complex. The circular region over which
the YSOs are identified is sketched in Fig. 2b and Fig. 9. For
YSO identification, we implement the colour classification scheme
of Koenig & Leisawitz (2014) using the improved ALLWISE cata-
logue (Cutri & et al. 2013). After removal of fake or spurious sources
and extragalactic contaminants, a WISE colour-colour diagram is
constructed and shown in Fig. 7. Using the colour criteria set by
Koenig & Leisawitz (2014), we identify 11 (39%) Class I and 14
(50%) Class II sources in our field. Sources not satisfying the pre-
scribed criteria could be either Class III/weak disk YSOs, blue tran-
sition disk objects, or AGB stars. Comparing our results with that
of Majaess et al. (2012), we find that 41 (∼ 77%) of the sources
classified as YSOs by Majaess et al. (2012), are filtered out as spu-
rious sources on using the stringent and improved source reliability
approach proposed by Koenig & Leisawitz (2014).
4 DISCUSSION
4.1 Signatures of cloud-cloud collision
The observed CO morphology and kinematics suggest a cloud-cloud
collision scenario for G133.50+9.01 with two distinct cloud compo-
nents, G133a and G133b. We analyse this complex along the lines
discussed in Gong et al. (2017) for the dark cloud L1188. Before we
Figure 7.WISE color-color diagram for the bands, 3.4, 4.6 and 12 µmused to
identify and classify YSOs associated with G133.50+9.01. The dashed lines
denotes the criteria used by Koenig & Leisawitz (2014) to delineate the YSO
classes. Green circles denote the sources that do not satisfy the YSO criteria.
discuss the distinct observational features seen, it is crucial to exam-
ine the possibility of the two cloud components being gravitationally
bound. The virial mass of the cloud complex can be estimated using
the expression (Pillai et al. 2011),
Mvir =
5σ2 R
G
(8)
where, R is the effective radius of the cloud and σ(= ∆V/
√
8 ln2) is
the velocity dispersion. Both these parameters are obtained using the
13CO (1 − 0) line. R is taken to be equal to (A/π)0.5, where A is the
area considered to derive the total cloud mass and is estimated to be
∼ 2.1 pc. Fitting aGaussian profile to the 13CO (1−0) spectrumof the
entire cloud, we get the line width, ∆V to be 3.5 km s−1. Similar line
width is obtained for the spectrum of the intersection region. Taking
this, the velocity dispersion is calculated to be 1.5 km s−1. Using
these values, we compute the virial mass to be 5.8 × 103 M⊙ , which
is more than twice the total mass of the cloud complex, 2.6×103 M⊙ .
Within the uncertainties involved in the mass estimations, it is seen
that the total mass of the G133.50+9.01 cloud complex is not large
enough to be able to gravitationally bind the two clouds. This suggests
that the physical association of G133a and G133b with each other
must be an accidental event.
In recent years, numerical hydrodynamical simulations and ob-
servational studies (e.g. Takahira et al. 2014; Torii et al. 2017;
Fukui et al. 2018) have shed light on the various characteristic sig-
natures of cloud-cloud collision. As is evident in Fig. 2, the two
clouds, G133a and G133b, are separated by a velocity difference
of ∼ 2.8 km s−1. This separation provides a lower limit to the rela-
tive collision velocity. The actual collision velocity might be higher
than this because of the projection effect (Fukui et al. 2015). As
propounded by Inoue & Fukui (2013) and Fukui et al. (2015), the
isotropic turbulence is enhanced at the collision-shocked layer, ir-
respective of the direction of collision. Hence, the velocity spread
at the shocked layer can be taken to be similar as the relative colli-
sion velocity. Following this, we assume the relative velocity to be
the FWHM of the 12CO (1 − 0) line extracted over the intermediate
velocity range (−16.9 to−14.1 km s−1) that corresponds to the shock-
compressed layer. The FWHM of this line is found to be 5.0 km s−1.
Comparing with the velocity difference between the two clouds, the
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relative collision velocity translates to a relative motion of the two
clouds of ∼ 56° with respect to the line-of-sight.
Another pronounced observational signature of cloud-cloud col-
lision is the “bridging features" detected in the PV diagram.
Haworth et al. (2015a,b) made synthetic 12CO PV diagrams using
the cloud-cloud collision model data simulated by Takahira et al.
(2014). From these observations it was found that the shocked layer
is characterised by broad intermediate velocity features, that bridge
the colliding clouds in the velocity space. The bridging features
often appear at the spots of collision. Several recent studies have
provided observational confirmation of such features in the colliding
cloud complexes (e.g. Fukui et al. 2016; Torii et al. 2017; Gong et al.
2017). On examining the PV diagram of G133.50+9.01 along the
two identified directions A and B as depicted in Fig. 5, we find at
least four bridging features clearly visible in the 12CO (1 − 0) and
13CO (1 − 0) emission in the intermediate velocity range of −16.9
to −14.1 km s−1. The green circles in Fig. 5(a) indicate the positions
where the bridges appear along the PV cuts. These positions corre-
spond to the spots of collision of the two clouds consistent with the
discussions in Fukui et al. (2018). The presence of these bridging
features suggests the existence of turbulent gas in the shocked layer
that is excited by the collision of the clouds. In addition, the ve-
locity structure in G133.50+9.01 further reveals three high-velocity
12CO (1 − 0) wings, W1, W2 and W3. The locations of these identi-
fied wings along the PV cuts are shown in Fig. 5(a). As discussed by
Gong et al. (2017, 2019), these high-velocity wings could stem from
the outflow(s) driven by one or more YSOs or protostellar cores that
have been identified in the intersection region (see Section 4.2).
We examine the cloud at −10 km s−1 in the plotted PV diagrams.
This cloud displays a rather diffuse morphology in the PV diagrams
and is well separated from G133a and G133b. Along the cut B
shown in Fig. 5c, an apparent connecting feature is seen but does not
resemble a typical ‘bridging’ structure expected in collision events.
Thus, in all likelihood this cloud could well be in the foreground and
not physically associated with the G133.50+9.01 complex.
The morphology of the G133.50+9.01 cloud complex as seen
in Figs. 2(a)-(c) and 5(a), unveils the picture of an elongated and
smaller cloud, G133a, likely in collision with the larger cloud, G133b
which displays a ‘boomerang-like’ structure with a cavity opening
in the north-east direction. This is in concordance with simulations
done by Anathpindika (2010), Habe & Ohta (1992), Takahira et al.
(2014) and Torii et al. (2017). These authors show that when two
clouds of different sizes collide, the smaller cloud creates a cavity
on the surface of the larger cloud. Evidence supporting this picture
was first perceived in the Galactic H II region, RCW120 (Torii et al.
2015). Here, the observed infrared bubble (or ring) morphology is
well explained by cavity creation due to cloud-cloud collision rather
than attributing the same to the conventional expansion of HII region
scenario for the bubble origin.
4.2 Induced filament, core and cluster formation
As discussed in Section 3.4, distinct filaments are identified which
are located in the intersection region of clouds G133a and G133b.
As seen in Figs. 6 and 9(b), the filaments detected in G133.50+9.01
present a hub-filament structure. Filament formation is generally
understood from the hierarchical collapse of molecular clouds
(Motte et al. 2018, and references therein). Following the Hydrody-
namic simulations by Habe & Ohta (1992) and Anathpindika (2010),
it is seen that the sites of cloud-cloud collision are characterised by
a shock compressed layer due to a bow-shock driven by the smaller
cloud into the larger cloud. This augurs well with alternate hypothe-
Figure 8. The mass of the dense cores, MC , identified from the 850 µm
map of G133.50+9.01 is plotted as a function of effective radii, r and de-
picted by blue circles. The red lines indicate the surface density thresholds of
116M⊙ pc−2(∼ 0.024 g cm−2) and 129M⊙ pc−2(∼ 0.027 g cm−2) for active
star formation from Lada et al. (2010) and Heiderman et al. (2010), respec-
tively. The shaded region delineates the low-mass star forming region that do
not satisfy the criterion m(r) > 870M⊙(r/pc)1.33 (Kauffmann et al. 2010).
The black dashed lines represent the surface density threshold of 0.05 and
1 g cm−2 defined by Urquhart et al. (2014) and Krumholz & McKee (2008),
respectively.
sis for filament formation that has been presented by Inoue & Fukui
(2013) and Inoue et al. (2018). Based on their numerical studies us-
ing isothermal MHD simulations, these authors conclude that the
collision of inhomogeneous clouds lead to the formation of dense
filaments in the shock compressed layer, where the magnetic field is
amplified in the direction perpendicular to the filament. The clouds
are compressed multi-dimensionally except in the direction perpen-
dicular to the background magnetic field, which results in filamentary
structures.
In the case of G133.50+9.01, the shock compressed layer created
at the interacting front manifests as an open arc structure in the
12CO (1 − 0) and 13CO (1 − 0) maps in the intermediate velocity
range, −16.9 to −14.1 km s−1 as is seen in Fig. 2(b). This arc has
a high excitation temperature (13 − 20K), compared to the ambient
medium and an enhanced H2 column density, evident from Fig. 4.
The increase in theH2 column densitywithin the arc can be due to the
multi-dimensional compression of the shocked layer. The filaments
detected in the 850 µm map of G133.50+9.01 follows the same ori-
entation of the arc structure. The direction of the magnetic field in the
region associated with G133.50+9.01 is determined in Section 3.5,
and is sketched in Fig. 6. Concurrent with the results from the MHD
simulation by Inoue & Fukui (2013), the background magnetic field,
probed using Planck data, is seen to be oriented perpendicular to
the filamentary structure. It should be noted that the arc could also
be the result of stellar feedback (radiation pressure, expanding HII
region, outflows from YSOs). From our literature survey, we find no
HII region associated with G133.50+9.01, however given the YSOs
detected, one cannot conclusively rule out stellar feedback.
Collision induced enhanced density in the intersection region trig-
gers formation of dense cores that accrete matter from the natal fila-
ments. We have detected 14 dust cores in G133.50+9.01, the masses
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Figure 9. (a) The H2 column density map same as in Fig. 4(b). The green circle indicates the region over which the YSOs are identified. (b) A zoom-in on the
arc which has an enhanced column density. The Class I and Class II YSOs identified, as discussed in Section 3.6, are marked by red and blue stars, respectively.
The apertures of the 850 µm dense cores and the skeletons of the filaments are overlaid on (b).
of which are estimated and found to lie within∼ 2−86M⊙ with sizes
ranging between ∼ 0.05− 0.2 pc. In comparison, Zhang et al. (2018)
detect 18 dust cores from the 850 µm continuum map. They use the
GaussClumps algorithm for core identification, where only the cores
with peak intensities above 5σ are considered. Correlating the dust
cores identified by these authors with the ones we extracted using the
FellWalker algorithm, we find that majority of the core peaks match.
Further, the central core, C1, detected by us encompasses five core
peaks identified by Zhang et al. (2018).
In Fig. 8, which is adapted from Yuan et al. (2017) and Liu et al.
(2020), we correlate the mass and effective radius of the clumps
and interpret their nature. As is discernible from the figure, the
dust cores associated with G133.50+9.01 lie comfortably above
the mass surface density threshold for active star formation pro-
posed by Lada et al. (2010) and Heiderman et al. (2010). Prob-
ing the mass regime possible, we examine the empirical relation,
m(r) > 870M⊙(r/pc)1.33 , givenbyKauffmann et al. (2010) for high-
mass star forming cores. From the estimated mass and radius, the
cores associated with G133.50+9.01 do not qualify this threshold
and hence should be devoid of high-mass stars. This is somewhat
contrary with regards to the limit of 0.05 g cm−2 on surface density
set by Urquhart et al. (2014) for massive star formation. Barring one,
all the active star-forming cores are above this threshold. Hence, it
is likely that the more massive cores in our sample are potential
high-mass star-forming regions.
We also probe the star-formation activity associated with
G133.50+9.01 by inspecting the distribution of the identified YSOs
in the region. In Fig. 9(a), we show the YSOs overlaid on the column
density map. Of the 25 YSOs detected, a distinct cluster of 18 YSOs
is seen to be located in the intersection region. Fig. 9(b) shows an
enlarged view with the detected filaments and cores overlaid. From
the relative collision velocity of the clouds which is estimated to be
5.0 km s−1, we compute the timescale of collision between G133a
and G133b. The ratio of the cloud size, 4.2 pc, to the relative collision
velocity gives a collision timescale of ∼ 0.8Myr. It should however
be noted that this gives an order-of-magnitude estimate, at best. The
value might vary by a factor of ∼ 2 owing to projection effects in
space and velocity and to the unknown configuration of the clouds be-
fore collision (Fukui et al. 2014). Nonetheless, the timescale derived
is longer than the typical lifetimes of Class I YSOs and is compara-
ble to the lifetime of Class II YSOs. As discussed in Dunham et al.
(2015) and Evans et al. (2009), the age estimates of Class I and Class
II YSOs are 0.4-0.7Myr and 2 ± 1Myr, respectively. The scenario
that has unfolded in G133.50+9.01 gives compelling evidence of
this being a bona fide case of collision induced cluster formation.
Similar results are obtained in several other studies focused towards
cloud collision and induced cluster formation (e.g. Torii et al. 2011;
Gong et al. 2017).
5 CONCLUSIONS
Gas kinematics studied using the CO lines show a picture of collid-
ing clouds G133a and G133b triggering the formation of a complex
network of filaments, dense cores and YSOs in G133.50+9.01 com-
plex. Fig. 10 depicts a schematic of the chain of events occurring.
Clouds G133a and G133b with a velocity difference of ∼ 2.8 km s−1
are likely to have collided forming a shock-compressed layer in the
intersection region. Conforming to MHD simulations, the formation
of a complex network of filaments is deduced from the 850 µmmap.
14 dust cores that accrete matter from the natal filaments are also
identified. The over-density of Class I and II YSOs along the in-
tersection arc advocates for collision induced cluster formation in
G133.50+9.01. Keeping in mind that the PMO observations pre-
sented in this paper might not have sampled the entire complex, an
accurate interpretation of the morphology of the colliding clouds is
difficult. Further, the resolution of the data used is not adequate to cor-
relate the observed scenario with either the spherical cloud collision
models (e.g. Habe & Ohta 1992; Takahira et al. 2014) or filamentary
cloud collision simulations (Li et al. 2018). Nonetheless, observa-
tional features seen makes G133.50+9.01 an interesting candidate to
probe cloud-cloud collision. With follow-up high-resolution molec-
ular line and dust continuum observations, viable models can be
explored to explain the observed signatures.
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Figure 10. A schematic of the cloud-cloud collision in G133.50+9.01 depicting the scheme of events from the time of collision of G133a (small cloud) with
G133b (large cloud). The orientation of the background magnetic field is indicated by the maroon line.
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